Storage of intermittent renewable energy is emerging as a critical need to reduce the global dependence on fossil fuels and to move towards a more sustainable society. Solar-to-chemical energy conversion is a promising approach for addressing this challenge and is at the forefront of materials research in this area. To efficiently generate carbon-neutral fuels from sunlight, water, and CO 2 , individual light absorbing materials that meet the following criteria must be 2 identified: i) band gap in the range of 1.7-2.2 eV to absorb a large fraction of the solar spectrum; ii) band edge positions suitable to reduce CO 2 (or H 2 O) and to oxidize H 2 O; iii) resistance to photocorrosion. [1, 2] Due to the substantial challenge associated with finding a single material possessing all of these properties, tandem light absorber designs have shown the highest photoelectrochemical performance for integrated solar fuels generators. [1, 2] In such a tandem architecture, a p-type semiconductor (photocathode) and an n-type semiconductor (photoanode) are utilized to drive the reduction and oxidation half-reactions, respectively. [1, 2] While a few strong candidates for photocathodes already exist (i.e. Si, InP), highly efficient photoanode materials have yet to be discovered. [3, 4] The main challenge results from the fact that classical semiconductors used in photovoltaics such as III-V, II-VI, and n-Si, rapidly photo-corrode under the harsh oxidizing conditions required for water splitting. [5] Although there have been considerable advances in the development of protection layers for stabilization of otherwise unstable photoanodes, there remains a pressing need for discovery of intrinsically stable materials to provide a path to large area, low cost, and durable devices that can make a practical impact on energy conversion technologies. [6] [7] [8] Oxide semiconductors have significant potential due to their improved resistance to photocorrosion relative to other semiconductors. However, most of the binary metal oxides (i.e. TiO 2 , WO 3 , ZnO) possess wide band gaps and their optical absorption is limited to the blue and UV portion of the solar spectrum. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] For a tandem architecture, the ideal band gap of the top light absorber is ~1.75 eV if combined with n-Si (E g = 1.1 eV) and NiMo and NiFeO x earth abundant catalysts. [24] One approach to reducing the band gap is utilization of ternary and quaternary oxides which have been receiving increased attention as light absorbers which, critically, also supply the potential needed to drive multielectron oxidation reactions. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In this work, we report the discovery of antimony-alloyed bismuth vanadate orbitals are higher in energy than the V 3d orbitals.
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Monoclinic bismuth vanadate (BiVO 4 ), with its 2.4-2.5 eV band gap and favourable band alignment for oxygen evolution, is one example of a ternary oxide that has attracted considerable attention as a photoanode for solar fuel applications. [10] [11] [12] [13] [14] [15] [16] [17] [18] While BiVO 4 has served as a useful material platform to study the complex phenomena emerging in multication oxide light absorbers and significant advances in photocatalytic performance have been realized by controlled doping and mesostructuring, its band gap places fundamental limits of solar energy conversion efficiency below 10%. [24] Therefore, it is necessary to identify oxide light absorbers with smaller and, ideally, controllable band gaps in order to make a practically efficient integrated water splitting device. 10 and the CBM is dominated by hybridized Sb 4s and V 3d orbitals. As such, the conduction band should lift and the band gap increase with the Sb content because the Sb 4s orbitals are higher in energy than the V 3d orbitals. [25] From an experimental standpoint, the synthetic challenge associated with accessing multi- In the first step, Bi 1-x Sb x NC alloys with different compositions (0 < x < 1) were synthetized by following a procedure reported by Zhang et al. [26] Figure S1a shows a transmission electron microscopy (TEM) image of Bi 1-x Sb x NCs, which are characterized by uniform, nearly spherical particles with an average size of 9 nm. As shown in the powder X-ray diffraction (XRD) patterns in Figure S1b , the diffraction peaks of the rhombohedral lattice progressively shifted to higher 2Theta angles with increasing Sb content due to the lattice constant reduction associated with replacement of larger Bi atoms by smaller Sb atoms. [26] The Bi and Sb contents were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis (Table S1 ).
To The purity and crystallinity of the Sb-BiVO 4 films were confirmed by XRD, as shown in Table S3 ). The refined structural parameters and the slight shift to higher 2Theta angles of the XRD patterns point to a reduction of the monoclinic BiVO 4 unit cell lattice parameters when Sb is present (Table   S3 ). As the Sb content is further increased, two distinct phases, corresponding to monoclinic BiVO 4 and rutile SbVO 4 phases, are observed. When pure Sb NCs are used as seeds, both SbVO 4 and the Sb 2 VO 5 phases are observed ( Figure S4 , Table S3 ).
The oxidation states of Bi, Sb, and V in the synthetized quaternary oxides were determined by X-Ray photoelectron spectroscopy (XPS) (Figures 2a and S5 , Table S4 ). The Bi 4f 7/2 core level spectra were fitted with a peak centered at 159.1 eV, which is consistent with Bi Table S4 ).
The peak area ratio of Sb 3d 5/2 and Sb 3d 3/2 in the oxides was 1.56, and this value was used as constrain for fitting XPS spectra. The Sb 3d 5/2 peak position was subsequently found to be at 530.9 eV resulting in a spin orbit splitting of 9.2 eV. While the binding energies from the XPS analysis suggest the presence of Sb 5+ from the comparison with the standards, this statement is still not conclusive due to the uncertainty in the O peaks fitting.
To gain additional information about the oxidation state and local structure of Sb in Sb-BiVO 4 thin films, X-ray absorption near edge structure (XANES) and extended x-ray absorption fine structure (EXAFS) measurements were carried out (Figure 2b,c) . XANES spectra were collected at the Sb K-edge for the antimony vanadate sample and three Sb-BiVO 4 alloys with Sb content of 7.3%, 12.3% and 20.1% (Figure 2b ). Comparing the samples to Sb 2 O 3 and Sb 2 O 5 standards, the fits of the Sb spectra (data not shown) point at a +5 oxidation state. The EXAFS data are similar for all samples, differing only in the amplitude of the oscillations.
The first-shell EXAFS for the Sb-BiVO 4 sample with 20.1% of Sb was well described using a theoretical structure in which the Sb substitutes for the V site; the fit is shown in Figure 2c .
Fitting parameters are given in the supporting information (Table S5) . A reasonable fit could not be achieved for the theoretical structure in which the Sb substitutes for the Bi site. The Sb substituting for the V site is consistent with the findings from both XPS and XANES, which both indicate that Sb is present in the +5 oxidation state. Therefore, we conclude that our synthetic procedure yields monoclinic phase BiV 1-x Sb x O 4 .
The effect of Sb alloying on the optical properties of the samples were studied by UV-Vis absorption spectroscopy with the samples deposited on quartz glass substrates and the absorption determined by a Kubelka-Munk transformation of the diffuse reflectance spectra, [27]
As described above, molecular orbital theory would predict that substitutional incorporation of Sb at V sites would increase the band gap relative to pure monoclinic BiVO 4 . However, optical characterization shows the opposite trend. In order to understand the origin of this unexpected band gap reduction, density functional theory (DFT) calculations of the band structure were performed (see Experimental Section for details x. This is because in traditional alloys the mixing wave functions have the same character (i.e. both s states of Ga and In atoms for the CBM of (Ga,In)P), and the band gap is roughly the compositional-weighted average of the two ending constitutes. [28, 29] However, for BiV 1-
x Sb x O 4 alloys, the band gap almost linearly decreases as the Sb content increases. There are two major factors that affect the band gap in this alloyed system. NC seeds, respectively ( Figure 5 ). [20] [21] [22] While the exploration of combinations of these, and other materials, is beyond the scope of the present work, because at the present colloidal NCs can be produced with precise tuning in a broad chemical compositional range, this work opens up an almost unlimited access to complex metal oxides with variable composition for a wide range of materials applications. [30, 31] While the central focus of the present work has been on synthesis of semiconductor light absorbers, it is important to note that our synthetic approach has potential to enable materials discovery advances in other research fields, such as batteries and fuel cells, that share many of the same challenges relative to the preparation and tunability of multicomponent metal oxides. [32] [33] [34] [35] Even more broadly, the present work provides further proof that, to confront the material design challenge and to discover new materials with properties suitable to advance specific applications, the interplay between theoretical predictions and experimental work is crucial. [36] [37] [38] 
Experimental Section
Experimental Methods: Bi 1-x Sb x seeds were synthesized by following a reported procedure (see Supporting Information for details). The as-prepared seeds were drop cast from hexane on the substrate and covered with100 ml of a 150 µM solution of VO(acac) 2 UV-Vis diffuse reflectance spectra were recorded on a Shimadzu SolidSpec-3700 spectrometer with a D 2 (deuterium) lamp for the ultraviolet range and a WI (halogen) lamp for the visible and near-infrared range. Measurements were performed with an integrating sphere.
Samples were deposited on quartz substrates for analysis.
XANES and EXAFS spectra were collected at beamline 7-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory. X-ray radiation was monochromatized using a Si (220) double crystal monochromator. The incident beam intensity was monitored with an Ar-filled ion chamber in front of the sample to correct for any fluctuations. Spectra were collected in fluorescence mode using a 30-element Ge detector (Canberra). Energy was calibrated using an Sb foil. The first peak maximum of the first derivative of the spectrum of the foil (30488.0 eV) was used as a calibration point.
Calculation Methods: Theoretical calculations were based on density functional theory within the generalized gradient approximation formulated by Perdew, Burke and Ernzerhof as implemented in the VASP code. [39] [40] [41] The projector augmented wave (PAW) pseudopotentials are employed, and the valence wave functions are expanded in a plane-wave basis with an energy cutoff of 600 eV. [42] To simulate random alloys, we employ the special quasi-random structure (SQS) in 96-atom supercells. Both the lattice and internal parameters are fully relaxed. [43] Supporting Information Supporting Information is available from the Wiley Online Library or from the author. 
